The highly polymorphic major histocompatibility (MHC) region encodes the human leucocyte antigen (HLA) gene complex and is associated with many autoimmune and infectious diseases. Despite the importance of this interval, comprehensive genetic studies interrogating associations between HLA types, expression of non-HLA genes and disease,
Introduction
. In support of this hypothesis, several studies have found that autoimmune diseases such as rheumatoid arthritis are associated with the presence of epitopes present in specific HLA types (Gregersen et al. 1987; Bodis et al. 2018; Okada et al. 2018) . A second hypothesis proposes that the HLA gene associations with complex traits are proxies for a non-HLA gene ("mistaken identity") (Holoshitz 2013) . Previous studies have shown that the expression of both HLA and non-HLA genes are associated with the genotypes of disease-associated variants present in the MHC region (Fehrmann et al. 2011; Dendrou et al. 2018 ), suggesting that the "mistaken identity" hypothesis could underlie some of the genetic associations. Altogether, these studies suggest that there are complex interactions between genetic variation, gene function of both HLA and non-HLA genes, and disease, indicating that a combination of both the "mistaken identity" and the "altered self-antigen" hypotheses may explain the hundreds of associations between the MHC region and human GWAS traits and disease.
At present, a comprehensive genetic study of the MHC region using HLA types at eight-digit resolution has not yet been conducted. To address this gap, we used deep WGS from 419 individuals to call eight-digit HLA types and RNA-seq data from 361 matched induced pluripotent stem cells (iPSCs) to investigate associations between SNPs, HLA types, expression of non-HLA genes and disease. We observed that common two-digit HLA types frequently were subdivided into multiple HLA types at eight-digit resolution and that using "personalized" transcript sequences corresponding to the HLA types detected in the individual resulted in improved accuracy of estimated HLA gene expression levels. We found that HLA types have genetic associations independent of SNPs, genes in the MHC region are significantly enriched for having their expression levels modulated by regulatory variants, and that the MHC region contains four groups of genes (both HLA and non-HLA) that have alleles with highly correlated expression. Notably, we observed that the expression levels of 65 genes (14 HLA genes and 51 non-HLA genes) were associated with genetic variants involved in complex traits and disease. Finally, we leveraged the results of our in-depth eQTL analysis to identify putative mechanisms of non-HLA genes underlying disease associations in the MHC region. Using this approach, we showed that the 8.1 ancestral haplotype (8.1AH), which spans the whole MHC region and is known to be associated with protection against infection in Cystic Fibrosis (CF) patients (Laki et al. 2006) , is associated with decreased expression of RNF5. The protein encoded by RNF5 is a drug target for patients with the F508del mutation in the CFTR gene, because its downregulation stabilizes the CFTR protein, thereby rescuing its function (Tomati et al. 2015; Sondo et al. 2018) . Taken together, our study shows the importance of genetically dissecting associations in the 6p21.3 interval to gain insights into molecular mechanisms underlying complex traits and diseases and provides a resource for further genetic investigation of the MHC region and the potential identification of novel therapeutic targets.
Results
We analyzed a total of 419 individuals, of which 273 (152 females and 121 males) were from the iPSCORE resource (Panopoulos et al. 2017 ) and 146 (85 females and 61 males) were from the HipSci resource (Kilpinen et al. 2017) (Table   S1 ). Of the 419 individuals, 80% (336) were of European ancestry, while the remaining were of diverse ethnic backgrounds (Asian (30), Multiple ethnicities (20), Hispanic (18), African American (7), Indian (5), and Middle Eastern (3)) and thus harbored HLA alleles from multiple human populations (Table S1 ). While the HipSci individuals were all genetically unrelated to one another, the iPSCORE individuals comprised 56 families containing between 2 and 14 members, and included 25 monozygotic twin pairs and 17 non-overlapping trios. In total, there were 311 genetically unrelated individuals. Whole-genome sequence (WGS) data generated from fibroblasts were available for all 419 individuals; additionally, for 59 of the HipSci individuals WGS was available from one iPSC clone, and 84 HipSci individuals had WGS from two iPSC clones (504 clones in total). The family structure and the presence of multiple WGS data from the same individual, enabled us to benchmark HLA typing performance based on concordance in twin pairs, concordance between fibroblast-iPSC pairs, and Mendelian inheritance in trios.
High quality WGS spanning the MHC region
Prior to conducting HLA typing, we assessed the quality of the WGS in the HLA region (chr6:29640168-33115544) by determining SNP density in consecutive 10-kb windows across the region. The SNP density in the WGS data varied widely: 1) for the 273 iPSCORE genomes from 1 SNP/10kb to 900 SNPs/10kb (mean = 149.2 SNPs/10kb) compared with the genome average of 79.6 SNPs/10kb Figure 1A) ; and 2) for the 377 HipSci genomes (146 fibroblast samples and 231 iPSCs) from 1 SNP/10kb to 995 SNPs/10kb (mean = 155.4 SNPs/10kb) compared with a genome-wide average of 58.1 SNPs/10kb. The region with the highest SNP density contained the HLA-DQA1 and HLA-DQB1 genes, which is consistent with previous studies (Norman et al. 2017) . To determine whether the high SNP density interfered with read alignment, we analyzed the coverage depth across the region. We observed that the coverage (mean 49.8 ± 12.1 for iPSCORE and 37.9 ± 7.1 for HipSci), overall, was comparable with the genome average (52X and 38X, respectively, Figure 1B ). We found, on average, 98.1% and 96.5% of the MHC region had a read depth >20X, and for each iPSCORE and HipSci sample only 284 ± 122 bp and 252 ± 115 respectively were not covered by any reads. These findings showed that all 650 WGS samples in the iPSCORE and HipSci collections were of high quality.
Eight-digit HLA typing from WGS data achieves high recall rate and accuracy
We performed HLA typing on 30 genes in the MHC region, including six HLA class I genes (HLA-A, -B, C, -E, -F, -G), eight HLA Class I pseudogenes (HLA-H, -J, -K, -L, -P, -T, -V, -W), twelve HLA class II genes (HLA-DMA, -DMB, -DOA, -DOB, -DPA1, -DPA2, -DPB1, -DBP2, -DQA1, -DQB1, -DRA, -DRB1) and four non-HLA genes (MICA, MICB, TAP1, and TAP2), all which had more than one allele at eight-digit resolution in the IPD-IMGT/HLA database (release 3.30.0) (Robinson et al. 2016) . We used HLA-VBSeq (Nariai et al. 2015) to estimate HLA type at eight-digit resolution in the WGS of the 650 samples (Table S2 ). We also obtained HLA types at lower-digit resolutions (six, four, and two-digit) by removing high digit values from the 8-digit resolution HLA types.
We initially calculated recall rate, measured as the fraction of individuals that could be HLA-typed for each HLA gene.
We observed a high recall rate for all 30 genes (mean = 98.5% for both iPSCORE and HipSci samples, Figures 1C,D) and for only three HLA genes in iPSCORE (HLA-H, HLA-T and HLA-K) and four genes in HipSci (HLA-H, HLA-T, HLA-K and HLA-DRB1) fewer than 95% of individuals were HLA-typed. The fraction of heterozygous and homozygous HLA types across the 30 genes was highly similar in the iPSCORE and HipSci individuals (r = 0.92). Across the 30 genes, we observed that the fraction of homozygous HLA types was highly variable and negatively correlated with the number of alleles associated with each gene (r = -0.75 and -0.71, iPSCORE and HipSci samples, respectively). Indeed, the most polymorphic genes (HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DBP1) were homozygous in less than 20% individuals, whereas HLA-V, which only has three alleles (V*01:01:01:01, V*01:01:01:02 and V*01:01:01:03, with allele frequency = 0.69, 0.20 and 0.11, respectively, Table S2 ), was homozygous in more than 45% individuals. These results show that we were able to obtain high recall rates for all 30 genes and that for each gene the fraction of homozygous and heterozygous alleles was consistent with the number of alleles and their frequencies.
To examine the accuracy of the high-resolution HLA types, we determined HLA type concordance across 25 monozygotic twin pairs (defined as twin concordance), Mendelian inheritance concordance from 17 non-overlapping trios and HLA type concordance of 231 fibroblast-iPSC pairs (defined as HipSci concordance). Overall, we found that the median concordance across all genes was very high; however, both the twin pairs (96.7%) and fibroblast-iPSC pairs (95.7%) had slightly higher concordance than the Mendelian inheritance (90.9%) Figures 1E,F,G). These results suggest that HLA-VBSeq produced highly reproducible results when samples with exactly the same two HLA alleles were analyzed; and had slightly lower accuracy calling the same HLA alleles when in different diplotypes. We also analyzed concordance at the derived lower digit resolutions (six, four, and two-digit) and observed that two-digit resolution had the highest concordance for the twin pairs (98.5%), Mendelian inheritance (96.9%) and fibroblast-iPSC pairs (99.2%) ( Figure S1 ).
Thus, even when HLA-VBSeq assigned discordant HLA alleles at eight-digit resolution, the vast majority of the time the assigned allele frequently was correct at the two-digit HLA type. These data show that the WGS read depth coverage of both the iPSCORE and HipSci samples were sufficient for HLA-VBSeq (Nariai et al. 2015) to detect eight-digit resolution HLA alleles at a high recall rate and with high accuracy. . We observed high correlation between HLA allele frequencies in AFND and iPSCORE (r = 0.921) and HipSci (r = 0.908) ( Figure 2A ). These data show that HLA-VBSeq identified a similar number of alleles for each of the 30 genes in the iPSCORE and HipSci individuals, and that both sets of diverse HLA alleles were representative of the human population.
Greater number of predicted HLA types at eight-digit resolution
We next investigated the relative number of alleles and their frequencies for each of the 30 genes at the two-and eightdigit resolutions (Table S2, Figure 2B -K, Figure S2 ). We found that genes with few alleles at two-digit resolution had the largest fold increase in the number of alleles at eight-digit resolution (i.e. the number of alleles at two-digit was negatively correlated with the fold increase at eight-digit: r = -0.32). This observation was due to the fact that common HLA types at two-digit resolution (>5% allele frequency) were three times more likely to be resolved into a higher number of eight-digit resolution alleles than rare HLA types (5.2 and 1.8 eight-digit HLA types per two-digit HLA type, respectively for common and rare alleles, p = 1.2 x 10 -13 , Mann-Whitney U test). At two-digit resolution, 13 genes had only one allele, but their number of alleles increased three-(HLA-V) to more than ten-fold at eight-digit resolution (HLA-E, F and G, Figure   2B -E). For other genes, such as MICA, MICB and HLA-W, only one or two common two-digit alleles resolved into a higher number of eight-digit alleles ( Figure 2F -H), resulting in a doubling of the number of alleles between the two resolutions. The HLA-A, HLA-B and HLA-DPB1 genes showed the greatest diversity both at two-and eight-digit resolutions, and we observed for all three genes a 2.7-fold increase in the number of alleles between the two resolutions ( Figure 2I -K). Our observations are consistent with the fact that HLA-A and HLA-B are the most polymorphic genes in humans (~3,900 and ~4,700 described alleles, respectively) (Mungall et al. 2003; Kennedy et al. 2017) . These findings show that rare two-digit alleles tend to map directly to rare eight-digit alleles, while common two-digit alleles frequently are subdivided into multiple eight-digit alleles, resulting in greater allele heterogeneity at the higher resolution.
Personalized transcripts improve predicted gene expression levels
Given that the MHC region is the most SNP-dense region in the human genome ( Figure 1A ), the expression levels of genes in this region measured by RNA-seq may be inaccurate due to large numbers of mismatches between the sequence reads and reference sequence. To overcome this issue, we calculated gene expression levels in the 446 iPSCs (including 215 iPSCORE and 231 HipSci from 146 individuals) using "personalized" transcript sequences (see Methods)
corresponding to the HLA types detected in the individual using HLA-VBSeq (Table S3 ). We found that 19 of the 30 MHC genes were expressed in iPSCs (TPM >2 in at least 10 samples, Table S3 ). The HLA class I genes (HLA-A, B, C and E, Figure 3A ) were highly expressed, consistent with their ubiquitous expression in all cell types, while the HLA class II genes were expressed at lower levels ( Figure 3B ), as expected due to their primary role in immune cells (Matzaraki et al. 2017) . To determine whether using personalized transcripts improved predicted gene expression levels, we tested the differences between reference and personalized TPM and found that their correlation ranged between 0.448 (TAP2) and 0.872 (MICB, Figure 3C ,D, Figure S3 ), suggesting that a substantial portion of the gene expression heterogeneity captured using personalized transcripts cannot be detected using reference transcripts (1 -R 2 ranged between 0.200 and 0.760). The HLA class I genes, which are expressed ubiquitously, tended to be expressed significantly higher using personalized transcripts ( Figure 3E , Figure S3 ), whereas most class II genes, which are expressed mostly in immune cells, were expressed significantly lower in the iPSCs using the personalized sequences ( Figure 3F , Figure S3 ). For instance, we observed that in many samples the expression of HLA-C was low (<40 TPM) using reference transcripts, but it increased more than four-fold using personalized transcripts ( Figure 3E ); while HLA-DPB2 expression decreased in 98% of samples. These results show that using personalized expression levels of HLA genes improves the accuracy of estimated gene expression levels ( Figure 3F ).
To examine if HLA types were associated with allele-specific gene expression levels, we compared the expression levels of each allele against all other alleles from the same HLA gene ( Figure 3G ,H). We quantile-normalized expression of each gene and compared the TPM distributions between all samples carrying a specific HLA allele and all the other samples. Alleles from all 19 expressed genes showed high variability ( Figure 3G ,H). We observed high variability in the expression levels of the different alleles, with 118 of the 346 HLA types (34.1%) present in at least two individuals showing a significantly different expression level than the samples not carrying the HLA type (t-test, FDR <5%) (Table S4 ). ( Figure   3G ,H). Several genes, such as HLA-C, HLA-DRB1 and HLA-DQB1 showed more than five-fold differences between the least expressed and the most expressed alleles. Interestingly, we observed that, of the 33 tested eight-digit HLA-C types, four were overexpressed all of which map to the same two-digit HLA-C*07 allele that has been previously associated with protection against human cytomegalovirus (Schlott et al. 2018 ) ( Figure 3G ). Conversely, we found that of nine eight-digit HLA-DRB1 types that map to the same two-digit HLA-DRB1*04 allele, four were expressed at significantly lower levels than the other HLA-DRB1 types ( Figure 3H ). The HLA-DRB1*04 type has been associated with tuberculosis susceptibility (Souza de Lima et al. 2016 ) and perhaps the association strength would increase if eight-digit HLA types were considered. Overall, eight-digit HLA-types for nine of the expressed MHC genes, were strongly associated with gene expression differences, suggesting that the associations between HLA types and disease may be driven not only by different binding affinities to specific peptides, but also by different expression levels. Therefore, both non-coding and coding genetic variation in the MHC region may significantly impact gene function and disease susceptibility.
Genes in the MHC region are enriched for SNP-eQTLs
We performed a comprehensive eQTL analysis of the MHC region using estimated gene expression levels for the HLA types calculated using personalized transcripts. Of the 383 genes located in the MHC region, we identified 146 (including the 19 genes analyzed above; 15 HLA genes and four non-HLA genes) expressed in iPSCs. We detected associations between the genotype of 83,969 SNPs with MAF >1% located in the MHC region and the expression of each of these 146 genes, using Matrix eQTL (Shabalin 2012) . We found 83 genes (eGenes; 15 HLA genes and 68 non-HLA genes) with 81,883 significant eQTLs (32,629 distinct SNPs, referred to as SNP-eQTLs hereafter; Bonferroni-corrected p-value < 0.05, Table S5 ). Due to the low recombination rate (Trowsdale and Knight 2013; DeGiorgio et al. 2014 ) and complex LD structure (Miretti et al. 2005; Jensen et al. 2017) in this interval, we initially investigated the distributions of all SNP-eQTLs rather than solely focusing on the top variants. While eGenes on average had 283 SNP-eQTLs, there were 17 eGenes with ten or fewer, and 26 eGenes that had more than 1,000 ( Figure 4 ). In general, SNP-eQTLs were centered around the transcription start site (TSS) of each eGene (mean distance = 33.8 kb, Figure S4 ), and for 19 eGenes (22.9%), the top SNP-eQTL was localized within 5 kb of their TSS. However, for 12 eGenes (14.5%) the closest SNP-eQTL was more than 500 kb from the TSS and for several eGenes, including ZNRD1, STK19P, RNF5 and HLA-DPB2, associated SNP-eQTLs spanned the entire MHC region. To identify independent SNP-eQTLs, we repeated the analysis conditioning gene expression on the top SNP-eQTL for each of the 83 eGenes. For 41 eGenes, we observed secondary SNP-eQTLs (conditional on the top SNP-eQTL) and for 15 eGenes we identified a tertiary SNP-eQTL upon conditioning on the top two independent SNP-eQTLs ( Figure 4 , Table S5 ). These results show that, within the gene-dense MHC region, a large fraction (83; 56.9%) of the expressed genes are eGenes, many of which (41; 49.4%) are associated with multiple independent regulatory variants. We compared these findings with those of a previous genome-wide eQTL study we conducted on 215 iPSCORE iPSCs (DeBoever et al. 2017) where we identified significantly fewer genes as eGenes (32.3%; p = 4.7 x 10 -10 , chi-squared test), of which only a minority (709 out of 5,677 eGene; 12.5%) had multiple regulatory variants. Altogether, our SNP-eQTL analysis shows that both HLA and non-HLA genes in the MHC region are significantly enriched for having their expression levels modulated by regulatory variants.
Genes in MHC region have alleles with highly correlated expression
Given that different HLA types at eight-digit resolution represent a haplotype of many regulatory and coding SNPs rather than a single SNP, we examined if using the 346 HLA types to conduct an eQTL analysis in the MHC region would detect regulatory signals independent from those detected in the SNP-eQTL analysis. To conduct this analysis, we transformed each HLA type into VCF format (see Methods), and calculated associations between each HLA-type at eight-digit resolution and the 146 genes expressed in the HLA region, using Matrix eQTL (Shabalin 2012) . After excluding associations between an HLA type and other HLA types of the same gene ( Figure 3G , H), we detected 717 associations (referred to as HLA-eQTLs, Bonferroni-corrected p-value < 0.05), between 213 HLA types and 77 genes (eGenes; 15 HLA genes and 62 non-HLA genes, Table S6 , Figure 5A ). To test if HLA-eQTLs provide independent signals from the SNP-eQTL analysis, we conditioned gene expression on the top SNP-eQTLs for each of the 77 genes. We observed 133 HLA-eQTLs conditional on the top SNP-eQTL, 39 HLA-eQTLs conditional on the top two independent SNP-eQTLs and 31 HLA-eQTLs conditional on the top three independent SNP-eQTLs (10 eGenes; four HLA genes and six non-HLA genes, Figure 5B , Table S6 ). We observed that associations primarily occurred between HLA-eQTLs and the expression of genes located in their proximity (median distance = 146.2 kb for significant associations and 1.35 Mb for nonsignificant associations, p = 2.7 x 10 -67 , Mann-Whitney U test; all self-associations were removed to perform the test). The most significant HLA-eQTLs tended to occur within four distinct genomic regions: 1) chr6: 29640168-30038042, including most of HLA class I genes and HLA class I pseudogenes; 2) chr6:31082526-31629005, including HLA-B, HLA-C, MICA and MICB; 3) chr6:32135988-32789609, including most of HLA class II genes, TAP1 and TAP2; and 4) chr6:32916389-33115544, including HLA-DPA1, HLA-DPB1, HLA-DPA2 and HLA-DPB2 ( Figure 5A ). Two genes (RNF5 and C60rf148) showed strong associations with multiple HLA types in groups 1, 2 and 3. RNF5 also showed longrange associations with SNP-eQTLs spanning the entire MHC region (Figure 4) . These results show that HLA types are associated with the expression of both HLA types of other HLA genes as well as alleles of non-HLA genes in the MHC region independently from SNP-eQTLs, and that the MHC region contains four groups of genes that have alleles with highly correlated expression.
Regulatory variants in the MHC region play important roles in complex traits and disease
We examined the role that regulatory variation plays in the large number of genetic associations between the MHC region and complex traits or disease by intersecting 1,611 independent GWAS hits in the MHC region (Buniello et al. 2019 ) with the 83,969 SNP-eQTLs. We identified 880 SNP-eQTLs (for 65 eGenes; 13 HLA genes and 52 non-HLA genes) that were also GWAS hits for one or more complex traits or disease. Although eGenes were associated on average with 23 SNP-eQTLs (range: 1-423) that were also GWAS hits (Table S5) , five genes (RNF5, HLA-DRB1, HLA-DQB1, HLA-DRB5 and HLA-DQA1) were associated with significantly more SNP-eQTLs (range: 101-159) corresponding to 185-423 distinct GWAS hits. These results show that the expression of 78.3% (65/83) of all eGenes (identified with SNP-eQTLs) in the MHC region was associated with complex traits and disease. This was significantly greater than what we observed in our previous genome-wide eQTL study conducted on 215 iPSCORE iPSCs (DeBoever et al. 2017), where we identified 1.04% of all eGenes (59/5,677, p = 3.6 x 10 -100 , Fisher's exact test) had corresponding eQTLs that were also GWAS hits.
These results suggest that the differential expression of both HLA and non-HLA genes in the MHC region may contribute to the complex mechanisms linking this genomic locus with hundreds of human traits and disease.
To investigate if the regulatory variation tagged by HLA-types (HLA-eQTLs) contributed to some of the GWAS hits in the MHC region, we intersected the eGenes from the SNP-eQTL analysis with the eGenes from the HLA-eQTL analysis.
In total, there were 95 eGenes (15 HLA genes and 80 non-HLA genes) with SNP-eQTLs or HLA-eQTLs, of which 68.4% (65 eGenes; 14 HLA genes and 51 non-HLA genes) had both ( Figure 6A , Table S7 ). For each of these 65 eGenes, the number of HLA-eQTLs was highly correlated with the number of SNP-eQTLs (r = 0.692, p = 1.7 x 10 -10 , Figure 6B ). The majority of the eGenes (56, 86.2%) with both SNP-eQTLs and HLA-eQTLs were associated with at least one GWAS hit, of which 35 (59.3%) were non-HLA genes (Table S7 ). In comparison, only 15 (50%) of eGenes with only SNP-eQTLs were associated with GWAS hits, indicating that eGenes with both SNP-eQTLs and HLA-eQTLs were enriched for being associated with disease (p = 0.0024, Fisher's exact test).
Evidence for differential expression of non-HLA genes underlying GWAS signals
Given that we identified GWAS regulatory variants and HLA types as eQTLs for 35 non-HLA genes in the MHC region, we scanned for examples in which associations between complex traits and disease previously attributed to HLA types were likely to be due to the differential expression of a non-HLA gene. Out of the 35 non-HLA eGenes, RNF5 was the most compelling candidate as it was associated with 3,165 SNP-eQTLs, 279 GWAS hits (150 traits) and the most HLA-eQTLs (30 HLA types from 22 distinct HLA genes, Figure 6B -D, Table S7 ). Of the 30 HLA-eQTLs, six were HLA types that comprise the 8.1 ancestral haplotype (8.1AH: Figure 6E -I, Figure S5 ), which spans more than 4 Mb of the MHC region and is known to be associated with many immune system-related diseases (Gambino et al. 2018 ) and with delayed colonization in cystic fibrosis (CF) (Laki et al. 2006) . RNF5 had two independent SNP-eQTL signals (Figure 4) , one in the proximity of the TSS, and the other, which spanned most of the MHC region, and was also conditionally associated with the 22 distinct HLA-eQTLs ( Figures 5, 6C ). All six HLA types comprising 8.1AH are associated with significantly decreased expression of RNF5 ( Figure 6E -I, Table S6 ). It has been proposed that the association between 8.1AH and delayed bacterial colonization in CF patients could be due to the impact of the ancestral HLA-types on the microbiota composition in the lungs (Laki et al. 2006 ). However, our findings combined with the fact that RNF5 is a current drug target in CF patients because its downregulation contributes to stabilizing and rescuing the function of mutant CFTR proteins (Tomati et al. 2015; Sondo et al. 2018) , suggests that the association between 8.1AH CF carriers and delayed bacterial colonization could be due to decreased expression of RNF5 (Pier et al. 1996; Lyczak et al. 2002; Mall and Hartl 2014; McNicholas 2017) . In this proposed model, CF patients carrying 8.1AH express RNF5 at lower levels than non-carriers, this results in lower protein levels of RNF5 and thereby less degradation of the misfolded mutated CFTR protein, improved Clsecretion, lower mucus secretion and delayed colonization by S. aureus and P. aeruginosa ( Figure 6J ). While our findings do not preclude that HLA types comprising 8.1AH play a direct role in the protection against colonization in CF, they suggest that reduced RNF5 expression plays a major factor in the association between 8.1AH and colonization.
Discussion
We used deep whole-genome sequencing data from 419 individuals, a state-of-the-art computational algorithm, HLA-VBSeq (Nariai et al. 2015) , and the comprehensive IPD-IMGT/HLA database (Robinson et al. 2016) to construct a large panel of HLA types at eight-digit resolution for 30 genes in the MHC region. By calculating twin, Mendelian inheritance and fibroblast-iPSC concordance, we showed that eight-digit HLA types were accurately predicted using the highcoverage WGS data (96.7%, 90.9% and 95.7%, respectively), which are comparable with other state-of-the-art methods, such as Kourami (94.7% accuracy) (Lee and Kingsford 2018) . Furthermore, while several HLA genes, such as HLA-V, E, F and G do not have multiple HLA types at two-digit resolution, we were able to detect multiple alleles at eight-digit resolution for all 30 genes and to resolve common two-digit HLA types into multiple eight-digit alleles, showing a greater allele heterogeneity at the higher resolution.
Since the human MHC region on 6p21 has been typically excluded from QTL studies, due to its high SNP frequency and complex LD structure, we investigated whether combining eight-digit HLA types with "personalized" expression levels of HLA genes could enable genetic association studies. We found that using personalized expression levels of HLA genes resulted in improved estimates of allele-specific expression levels and the identification of HLA genes whose alleles have significantly different expression levels. The personalized HLA gene expression levels also enabled an in depth eQTL study of the MHC region which showed that: 1) HLA types have genetic associations independent of SNPs; 2) genes in this interval are significantly enriched for having their expression levels modulated by regulatory variants; and 2) within the interval there are four groups of genes that have alleles with highly correlated expression levels. Our findings suggest that the associations between HLA types and complex traits and disease are likely driven not only by differential binding affinities to specific peptides, but also by differential expression levels of both HLA and non-HLA genes in the MHC region.
As a concrete example of this point, we determined that decreased expression of RNF5 was associated with six HLA types comprising the 8.1 ancestral haplotype (8.1AH), which previously has been associated with delayed colonization in cystic fibrosis (CF) (Laki et al. 2006) . Interestingly, RNF5 was recently described as a potential novel drug target in CF, because, when RNF5 activity is decreased, the mutant CFTR protein becomes stabilized and its function as a cAMPdependent chloride channel in the lung epithelium is partially rescued (Tomati et al. 2015; Sondo et al. 2018) . Impaired ion transport mediated by CFTR is associated with reduced airway hydration and decreased mucociliary clearance, which leads to increased vulnerability to bacterial infection (Munder and Tummler 2015; Dechecchi et al. 2018) . Hence, we postulate that downregulation of RNF5 expression due to the presence of specific regulatory variants in 8.1AH is the likely mechanism underlying delayed colonization by S. aureus and P. aeruginosa. Taken together, our study shows that understanding the associations between SNPs, HLA types and proximal phenotypes in the 6p21.3 region can lead to the identification of causal mechanisms underlying disease associations, and potentially novel drug targets. 
Methods

Whole-genome sequencing data
HLA typing from whole-genome sequencing data with HLA-VBSeq
HLA-VBSeq (Nariai et al. 2015) estimates the most probable HLA types from WGS data at eight-digit resolution by simultaneously optimizing read alignments to a database of HLA type sequences and the abundance of reads on the HLA types by variational Bayesian inference. HLA typing was carried out as follows. First, we identified 30 target genes that had more than one allele at eight-digit resolution in the IMGT/HLA database (release 3.30.0) (Robinson et al. 2016) , which included six HLA class I genes (HLA-A, -B, C, -E, -F, -G), eight HLA Class I pseudogenes (HLA-H, -J, -K, -L, -P, -T, -V, -W), twelve HLA class II genes (HLA-DMA, -DMB, -DOA, -DOB, -DPA1, -DPA2, -DPB1, -DBP2, -DQA1, - DQB1, -DRA, -DRB1) and four non-HLA genes (MICA, MICB, TAP1, TAP2). Second, for each of the 650 samples (273 iPSCORE and 377 HipSci), reads which aligned to the target genes were extracted from each BAM file using coordinates from Gencode v19 (https://www.gencodegenes.org/releases/19.html) and SAMtools version 1.2 (Li et al. 2009a ). Third, for each sample the extracted reads were re-aligned to the collection of all genomic HLA sequences in the IPD-IMGT/HLA database (release 3.30.0) (Robinson et al. 2016) , allowing each read to be aligned to multiple reference sequences using the "-a" option in BWA-MEM. The expected read counts for each HLA type were obtained with HLA-VBSeq software (http://nagasakilab.csml.org/hla/). For each HLA gene, only the alleles with mean coverage ≥ 20% of the average coverage calculated over the whole genome were considered, and a target HLA genotype was determined as follows: 1) If no allele passed the threshold, then there were not enough reads aligned to correctly identify an HLA type, and hence no alleles were called; 2) If there was only one allele that passed the threshold, and the depth of coverage was two or more times greater than that of the threshold, then the HLA locus was considered to be homozygous for that HLA allele; 3) If there was only one allele that passed the threshold, and the depth of coverage was less than twice that of the threshold, then the allele was called heterozygous with the second allele not determined; 4) If there were two or more alleles that passed the threshold, the alleles were sorted based on the depth of coverage (from high to low), if the depth of coverage of the top allele was more than twice as that of the second one, then the HLA locus was called homozygous for the top allele; 5) If there were two or more alleles that passed the threshold, the alleles were sorted based on the depth of coverage (from high to low), if the depth of coverage of the top allele was less than twice that of the second one, then the two alleles with the highest coverage were selected as the HLA diplotype. For HLA types of lower-digit resolutions (two, four, and six) the eight-digit resolution was converted by removing high digit values.
Determining recall, twin concordance, Mendelian inheritance concordance and fibroblast-iPSC concordance of HLA type detection
Accuracy of HLA typing for each gene at eight-digit resolution was assessed by calculating: 1) recall, the fraction of determined HLA types for each gene; 2) HLA type concordance in 25 monozygotic twin pairs in the iPSCORE resource;
3) Mendelian inheritance concordance across 17 trios in the iPSCORE resource; and 4) HLA type concordance in 231
fibroblast-iPSC pairs. The recall was calculated independently for the 273 iPSCORE samples and the 377 HipSci samples as the number of determined HLA types divided by the total number of samples. To further analyze recall for all genes, we calculated the number of HLA types for each gene and determined the correlation between the number of HLA types and fraction of homozygous individuals. For each gene, we calculated concordance as the fraction of HLA types that matched in the 25 monozygotic twin pairs in iPSCORE or the 231 fibroblast-iPSC paired genomes from the same individual in the HipSci resource. We calculated Mendelian inheritance concordance for each gene as the percentage of HLA types segregating in non-overlapping trios (i.e. in families with multiple trios, each individual was only used once for this analysis). If one or more HLA types were undetermined for a given pair/trio, we excluded the pair/trio during the concordance calculation.
Analyzing HLA type frequency
We initially determined which HLA type resolution to use to determine if the HLA frequencies we observed were representative of those present in diverse human populations. In the Allele Frequency Net Database (AFND) (Gonzalez-Galarza et al. 2015) , 3,556,301 people were genotyped for 12 out of the 30 genes we examined in the MHC region at twodigit resolution, 3,469,268 people (17 genes) at four-digit, 124,721 people (14 genes) at six-digit, and 10,212 people (7 genes) at eight-digit, which would result in testing 226 alleles at two-digit resolution (115 iPSCORE and 101 HipSci), 395
alleles at four-digit resolution (222 iPSCORE and 173 HipSci), 321 alleles at six-digit resolution (174 iPSCORE and 147
HipSci), and 42 alleles at eight-digit resolution (21 iPSCORE and 21 HipSci). We conducted the allele frequency comparative analysis using four-digit resolution to maximize the number of individuals in AFND, the number of genes and the number of alleles. The allele frequency of each HLA type in iPSCORE, HipSci and in the AFND was calculated by dividing the total number of individuals containing the given HLA type by the total number of people in each cohort and a correlation value was calculated after fitting a linear model.
Estimating personalized transcript expression levels of HLA genes
We estimated the expression level of each HLA type using iPSC samples from both the iPSCORE and HipSci resources. expressed genes in Gencode v19 with personalized sequences corresponding to the HLA types detected in the individual using HLA-VBSeq (Nariai et al. 2015) . This allowed us to build a set of personalized cDNA reference sequences, which were not affected by the large number of SNPs in the MHC region. cDNA sequences for each HLA type were retrieved from IPD-IMGT/HLA database release 3.30.0 (Robinson et al. 2016 
SNP-eQTL detection
For each individual with iPSCs and gene expression data, only one single sample was used (361 samples in total: 215 iPSCORE and 146 HipSci, Table S7 ). We obtained 83,969 SNPs with MAF >1% in the MHC region (and the surrounding 1 Mb) using bcftools (Li et al. 2009b ) and decomposed multiallelic genotypes using vt (Tan et al. 2015) . Out of the 383 Gencode v19 genes in the MHC locus (chr6:29640168-33115544), eQTL analysis was performed on 146 expressed genes (TPM ≥ 2 in at least 10 samples). Expression levels were quantile-normalized across all individuals. To detect SNP-eQTLs, normalized gene expression levels were adjusted for sex, age, batch (iPSCORE and HipSci), ethnicity, iPSC passage and ten PEER factors (Stegle et al. 2010 ) calculated on gene expression levels. We performed eQTL analysis for all 146 expressed genes and all the SNPs using Matrix eQTL (Shabalin 2012) . The rsID for each SNP-eQTL was intersected with GWAS hits from the GWAS catalog (2018-12-21 release) (Buniello et al. 2019 ).
HLA-eQTL detection
For each sample, the HLA types were assigned dosage values and converted to VCF file format. Dosage was assigned as follows: 0 = the sample did not harbor the analyzed allele; 0.5 = the sample was heterozygous for the analyzed allele; 1 = the sample was homozygous for the analyzed allele. For each HLA gene, we investigated the associations of each single HLA type with gene expression. We performed eQTL analysis for all 146 expressed genes and all the HLA types (346 in total) using Matrix eQTL (Shabalin 2012 ).
Conditional HLA-eQTL analysis
To detect QTLs conditional on the top SNP-eQTL, for each gene we repeated HLA-eQTL and SNP-eQTL detection adding the genotype from the top SNP-eQTL as covariate. To detect HLA-eQTLs conditional on the top two independent SNP-eQTLs, we repeated HLA-eQTL detection using adding the genotype from the top SNP-eQTL as well as the genotype from the top conditional SNP-eQTL as covariates.
Accession numbers
Whole-genome sequencing data of 273 individuals in the iPSCORE cohort (Panopoulos et al. 2017 Each dot represents the frequency for a given HLA allele. (B-K) Associations between allele frequency (AF) of HLA types for ten genes at 2-digit (left) and 8-digit resolution (right). Lines link all 8-digit alleles their parent 2-digit allele. Figure S2 shows the same associations for the other 20 genes. (Table S4 ) was performed only on HLA types carried by at least two individuals. 
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